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Abstract 
Detailed study of the Fe2-xCoxMnSi (0 ≤ x ≤ 0.6) alloys has been carried out by investigating the 
samples with x-ray diffraction, Mössbauer spectroscopy, magnetization, transport and current 
spin polarization measurements. A perfectly ordered L21 phase is found to exist for x = 0.4. 
Competing magnetic interactions between ferromagnetic (FM) and antiferromagnetic (AFM) 
phases are found to exist in Fe2-xCoxMnSi for x < 0.2 whereas the AFM phase completely 
disappears for x ≥ 0.2 as revealed by the magnetization and resistivity data. Anomalous,  
semiconducting-like behaviour is observed for x = 0.4. Current spin polarization has been 
estimated from different conductance curves obtained by using the point contact Andreev 
reflection technique.  Alloys with x=0.2 and 0.4 show spin polarization values of 0.61±0.1 and 
0.66 ± 0.1 respectively. 
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I. Introduction 
Full Heusler alloys are intermetallic compounds with the composition X2YZ, which 
crystallizes in the cubic L21 structure. In these alloys, X and Y atoms are transition metals and Z 
is a nonmagnetic element. Heusler alloys have recently attracted increasing interest owing to 
their multifunctional properties1-5. Research on half-metallic ferromagnetic materials based on 
Heusler compounds has been rapidly growing since the prediction of half metallicity in the half 
Heusler NiMnSb alloy by de Groot et al.6 Recently, several full Heusler alloys with the cubic L21 
structure and space group Fm3m have also been predicted to be half metallic on the basis of 
electronic band structure calculations7. Since an ideal half metal exhibits 100% intrinsic spin 
polarization at the Fermi energy EF, these materials have excellent prospects as spin injection 
electrodes in spintronic devices. Such materials are considered as most potential candidates for 
the tunneling magnetoresistance devices because the magnetoresistance (MR) is expected to be 
large in them.  
First principle electronic structure calculations have shown that Fe2MnSi is a half 
metallic ferromagnet8. These calculations have played a key role in predicting several other half 
metallic ferromagnets as well. It is also known that Fe2MnSi has an antiferromagnetic phase 
below TR (called the re-entry temperature), as reported in our earlier work9 and also by Booth et 
al. 10. With the aim of suppressing the antiferromagnetic phase and to study its effect on the half 
metallicity, we have partially substituted Co for Fe, resulting in the series Fe2-xCoxMnSi (x = 0, 
0.05, 0.1, 0.2, 0.4, 0.6). The Curie temperature (TC) and the saturation magnetization (MS) are 
found to increase with Co concentration, which is in agreement with the theoretical 
calculations.11 High values of spin polarization have been obtained for some compositions such 
as x=0.4, which shows a polarization value of 0.66±0.1.  
II. Experimental Details 
Polycrystalline samples of Fe2-xCoxMnSi alloys (x = 0, 0.05, 0.1, 0.2, 0.4, 0.6) were 
prepared by arc melting under argon atmosphere. The purity of the starting elements was at least 
99.9%. The ingots were melted several times to ensure chemical homogeneity and the final 
weight loss in all the cases has been found to be less than 1%. The melted ingots were annealed 
under a vacuum of 10-5 torr for 24 hours at 1073 K, followed by quenching in ice water mixture. 
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The crystal structure was determined from the X-ray powder diffraction (XRD) data. 57Fe 
Mössbauer spectra were recorded at room temperature using a constant acceleration spectrometer 
with 25 mCi 57Co(Rh) radioactive source. The obtained spectra were analyzed using PCMOS-II 
least-squares fitting program. The magnetization (M) measurements both under zero field cooled 
(ZFC) and field-cooled (FC) conditions, in the temperature (T) range of 5–400 K and upto a 
maximum field (H) of 50 kOe, were performed by using a vibrating sample magnetometer 
(VSM) attached to a physical property measurement system (PPMS, Quantum Design). In the 
ZFC mode, the sample was cooled in the absence of field and at then a field was applied on 
warming, during which the magnetization was measured. In the FC mode, the sample was cooled 
in a field, with the cooling field set equal to the measuring field. In this mode the magnetization 
was measured on both cooling (FCC) and heating (FCW) cycles. Spin polarization 
measurements were done by using point contact Andreev reflection (PCAR) technique.12 Sharp 
Nb tips prepared by electrochemical polishing were used to make superconducting point contacts 
with the sample. Current spin polarization of the conduction electrons was obtained by fitting the 
normalized conductance G(V)/Gn curves to the modified Blonder-Tinkham-Klapwijk (BTK) 
model.13 A multiple parameter least squares fitting were carried out to deduce spin polarization 
(P) using dimensionless interfacial scattering parameter (Z), superconducting band gap (△) and 
P as variables.  Electrical resistivity was measured in the temperature range of 5–390 K and in 
fields upto 50 kOe by using the PPMS.  
 
III.  Results and Discussion 
The XRD patterns of the alloys recorded at room temperature are shown in Fig.1. The 
structural analysis was done with the Rietveld refinement. All the alloys are found to be single 
phase with cubic L21 crystal structure and Fm3m (No. 225) space group. The lattice parameter 
decreases linearly as x is increased from 0 to 0.6, though the decrease is only marginal. The 
linear decrease suggests that this series obeys the Vegard’s law14 and the lattice contraction is 
generally known to be a desirable trend as far as half metallicity is concerned. This is due to the 
fact that the shifting of the Fermi level towards the conduction band as a result of lattice 
contraction, leads to an increase in the band gap in half metals15.  
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FIG. 1. XRD patterns of Fe2-xCoxMnSi alloys at the room temperature for x = 0, 0.05, 0.1, 0.2, 
0.4, 0.6. 
Further study of the crystal structure and ordering has been done by performing 57Fe Mössbauer 
spectroscopic (MS) measurements, because perfect L21 structure is an essential requirement for 
high spin polarization materials.16 The parent compound Fe2MnSi has four lattice sites A, B, C 
and D. Site A (1/4, 1/4, 1/4)a and and C (3/4, 3/4, 3/4)a  correspond to Fe atoms, site B (1/2, 1/2, 
1/2)a corresponds Mn atoms and D (0, 0, 0)a for Si atoms. Some amount of atomic disorder has 
been shown to be present in Fe2MnSi, as reported by 57Fe Mössbauer spectroscopic17 and 
neutron diffraction10 studies. Therefore, it is of interest to probe this disorder after Co 
substitution as well. This has been done by doing MS at RT (room temperature) and the collected 
spectra are shown in fig. 2. The potential of 57Fe Mössbauer spectroscopy for studying the degree 
of atomic disorder in iron-containing Heusler alloys has been demonstrated previously for the 
series Co2−xFe1+xSi18 and Co2Mn1−xFexAl19. To understand the local magnetic environment, 57Fe 
Mossbauer spectra were recorded for some alloys (x = 0.1, 0.2, 0.4) at RT by using 57Co(Rh) 
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source. The fitted Mossbauer parameters such as hyperfine field (Hhf), quadrupole splitting,  
isomer shift and the relative intensities of sub-spectra are given in Table 1.  The spectra of x = 
0.1 is fitted with a singlet, which means that the compound is paramagnetic at RT. For x = 0.2 
there are two sub spectra, a doublet and a sextet with the hyperfine field of 78 kOe, which show 
ferromagnetically ordered state of x = 0.2. However, the presence of doublet reveals that a 
fraction of Fe is in the paramagnetic state due to near room temperature magnetic transition. 
Alloy with x = 0.4 contains only a sextet, which implies a perfectly L21 ordered and 
ferromagnetic state at RT. Moreover, the value of the quadrupole shift is nearly zero which 
shows cubic symmetry in this alloy. The observed Hhf values are comparable to those obtained in 
earlier studies on Fe2 based alloys17, 20. The value of Hhf decreases with increase in Co; from 78 
kOe to 60 kOe as x increases from x = 0.2 to x = 0.4. In cubic or nearly cubic compounds, the 
hyperfine field is determined by the Fermi contact term, which arises due to the polarization of 
the s-electron density at the nucleus. It has been shown that Hhf scales linearly with the magnetic 
moments determined from neutron or magnetization studies21. Taking a slope of 125 kOe/μB for 
Fe germanides from Ref.21, we can roughly estimate the magnetic moment as ≈0.5µ B for Fe 
atoms in the case of x = 0.4. For Fe2MnSi, Mn moment is found to be around 2.3µB from the 
neutron diffraction studies10. Considering the total magnetic moment of 3.3μB from the 
magnetization studies (at 3 K, refer to table 2), the remaining Co moment must be about 0.5μB, 
which is in fair agreement with the calculated values7.  
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Table.1. Hyperfine field (Hhf), quadrupole splitting (ΔEq), isomer shift (δ), line width and 
relative intensity of sub-spectra of Fe2-xCoxMnSi alloys at room temperature. 
 
Alloy 
 
 
Sub 
Spectrum 
Mossbauer Parameters 
Hhf 
(kOe) 
Quadrupole 
shift (ΔEq) 
(mm/s) 
Isomer 
Shift 
δ (mm/s) 
Line 
width, 
(mm/s) 
Relative 
Intensity 
(%) 
Fe1.9Co0.1MnSi  Singlet --- 0.000 0.0973 0.31 100 
Fe1.8Co0.2MnSi 
Doublet --- 0.774 0.0917 0.94 70 
Sextet 78 0.048 0.0814 0.96 30 
Fe1.6Co0.4MnSi Sextet 60 0.032 0.105 1.42 100 
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FIG. 2. 57Fe Mössbauer spectra of Fe2-xCoxMnSi (x = 0.1, 0.2, 0.4) alloys collected at room 
temperature. 
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FIG. 3. (a) Temperature dependence of dc magnetic susceptibility for Fe2-xCoxMnSi (x = 0, 0.05, 
0.1, 0.2) in a field of 500 Oe under zero field cooled mode. (b) Inverse susceptibility with the 
Curie-Weiss fit.  
 
FIG. 4. Thermo magnetic curves for Fe2-xCoxMnSi alloy with x = 0.1 under different fields 
9 
 
Fig. 3(a) shows the temperature dependence of dc magnetic susceptibility (DCS) measured under 
ZFC mode in a field of 500 Oe in the temperature range of 5-400 K. These curves show that the 
Curie temperature increases, while the re-entrant phase transition temperature, TR decreases with 
x. The re-entrant behaviour completely disappears for x ≥ 0.2. Curie temperature increases from 
220 K for Fe2MnSi to 368 K for Fe1.8Co0.2MnSi. These trends are due the strong hybridization 
between the d-states of Fe and Co, which enhances the ferromagnetic nature of the alloys as 
reported theoretically by Ishida et al.11 The temperature variation of magnetization for x = 0.1 
under different applied fields is shown in fig. 4, which shows both ZFC and FC data in the 
temperature range of 5-400 K. There is a bifurcation between the ZFC and the FC plots below 
the re-entry temperature, as also seen in our earlier work on Fe3-xMnxSi and Fe2Mn1-xCrxSi 
alloys5,9.  The nature of these curves confirms that the alloy is only weakly antiferromagnetic, 
unlike the parent Fe2MnSi alloy. 
The variation of the inverse magnetic susceptibility (χ) with temperature and the Curie-
Weiss fit are shown in Fig. 3(b). The susceptibility data was fitted by the Curie-Weiss law (solid 
lines in fig 3(b)). As is evident from the figure, these alloys do not follow the Curie-Weiss 
behaviour above the transition temperature with a single slope; value of the paramagnetic Curie 
temperature (θp) increases and effective magnetic moments (µeff) decreases with increase in 
temperature range of the fit. µeff values obtained from the fit in different temperature ranges are 
listed in table 2. This type of susceptibility behaviour is observed earlier for NiMnSb and 
PtMnSb as well22. An estimate of the Rhodes-Wohlfarth ratio (pc/ps) suggests that these alloys 
show itinerant magnetism 23,24. Here ps is the saturation moment at low temperatures25 (3 K in 
the present case), and pc is the effective moment per magnetic ion deduced from the Curie 
constant as given by  
                                    ( ) ( )
B
ccA
m k
ppNmoleemuKC
3
2+
=     (1) 
Suppression of antiferromagnetic phase with increasing Co concentration is in good agreement 
with the theoretical calculations11, which examined the stability of the ferromagnetic state of Fe2-
xCoxMnSi by comparing the total energy of a few possible antiferromagnetic states vis a vis the 
ferromagnetic state. According to these calculations, for x = 0, one of the assumed 
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antiferromagnetic states is energetically comparable to the ferromagnetic state, which means that 
the ferromagnetism and the antiferromagnetism are competing with each other. As per these 
calculations, the ferromagnetic state gets more and more stabilized with increase in x, which 
qualitatively explains the present results. 
 
FIG. 5. Isothermal magnetization curves of the Fe2-xCoxMnSi (0 ≤ x ≤ 0.6) at 3. The inset shows 
the variation of saturation magnetization with Co concentration along with the expected Slater –
Pauling behaviour. 
The isothermal magnetization measurements have been done at 3 K in fields up to ±40 
kOe and are shown in fig. 5. The alloys show characteristics of soft ferromagnets as the 
magnetization saturates in low fields. It is also found that the saturation magnetization increases 
with x. MS value increases from 2.2 µB/f.u. for Fe2MnSi to 3.5 µB/f.u for Fe1.4Co0.6MnSi. Ishida 
et al.11 have stated that the strong hybridization between the d states of the Fe and Co atoms, 
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which affects the local density of states (DOS) of Fe near the Fermi level is responsible for this 
behaviour. The filling of the DOS of Fe increases for the up spin sub-band with increasing x, 
while the moments on the Co and Mn atoms are nearly constant because the local DOS is mostly 
occupied in the up spin state. Because of this, the moment on Fe increases linearly with x, 
causing the increase in the total moment. Inset of fig.5 shows the variation of saturation 
magnetization with Co concentration. As can be seen, at high Co concentrations, our results for 
saturation magnetization closely match with those expected on the basis of the Slater-Pauling 
rule proposed for full Heusler alloys26. 
Table. 2 Crystallographic and magnetic properties of Fe2-xCoxMnSi alloys (x = 0, 0.05, 0.1, 0.2, 
0.4, 0.6). 
Compound a (Å) TR (K) TC (K) MS3K 
(µB/f.u.) 
 θp (K) µeff (µB) pc/ps 
x = 0 5.664 60 220 2.2 228-238 5.6-4.8 2.1-1.8 
x = 0.05 5.663 43 264 2.6 280 5.5 1.8 
x = 0.1 5.663 14 298 2.7 307 6.6 2.1 
x = 0.2 5.661 - 368 3.0 374 7.7 2.25 
x = 0.4 5.660 - - 3.3 - - - 
x = 0.6 5.658 - - 3.5 - - - 
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FIG. 6. Typical normalized conductance curves with low value of interfacial scattering amplitude 
(Z) measured at 4.2 K, In fig. (a) and (c) open circles denote the experimental data and solid lines 
are the fit to the data by using modified BTK model. Figures (b) and (d) P vs. Z curves for x = 
0.4 and 0.2 respectively. 
 
Spin polarization measurements have been performed for few compositions by using PCAR 
technique. The measurements have been performed on x = 0.2 and x = 0.4 compositions only, 
because other compositions have low TC and hence not interesting from the point of view of 
applications at RT. The alloys with x = 0.2 and 0.4 have high Curie temperatures and x = 0.4 is 
found to possess highly ordered L21 structure. Typical normalized conductance curves obtained 
for these compositions are shown in fig. 6. Experimental data is fitted according to modified 
BTK model13 using spin polarization, superconducting gap and interfacial scattering parameter 
as variables. Here we have shown the data collected at low Z values. The shape of the 
conductance curves near the superconducting gap depends on the value of Z; for low values of Z, 
the curves are more flat near ∆. The values of various parameters after fitting are shown in the 
figure. ∆ values are small compared to those of the bulk superconducting gap value (1.5 meV), 
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which may be the result of multiple contacts27. The intrinsic spin polarization value is ideally 
obtained by achieving Z = 0. But in our case the lowest values are Z = 0.10, resulting in P = 0.62 
and P = 0.58 for x = 0.2 and x = 0.4 respectively. Therefore, the intrinsic value of spin 
polarization was estimated by linear fitting of the P vs. Z data with extrapolation down to Z = 0. 
This yielded intrinsic spin polarization values of 0.61±0.1 and 0.66±0.1 for x = 0.2 and x = 0.4 
respectively. The estimated spin polarization value for x = 0.4 is higher than that of many ternary 
or quaternary Heusler alloys. 28-30  
 
 
FIG. 7. Temperature variation of electrical resistivity in different fields for the Fe2-xCoxMnSi (x = 
0.05, 0.1, 0.2 and 0.4) compounds. 
The temperature variation of the electrical resistivity was measured for the compositions 
x = 0.05, 0.1, 0.2 and 0.4 in fields of 0, 20, 50 kOe and are shown in fig. 7. There is a clear 
change of slope near the transition temperatures (TR and TC), which is due to the reduction in the 
spin fluctuations with the field, near transition temperatures.  
It is clear that the metallic nature changes to semiconducting-like as x is increased to 0.4. 
Alloys with x = 0.05, 0.1 and 0.2 have metallic behaviour up to the Curie temperature. For x = 
0.1 and 0.2 resistivity shows a negative temperature coefficient above the Curie temperature and 
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follows semiconducting-like behaviour, while in x=0.05, it is almost a constant above TC. This 
type of anomaly above the transition temperature has been observed earlier in Fe2Mn1-xCrxSi5 
and other compounds.31 On the other hand, for x = 0.4, resistivity follows a semiconducting-like 
behaviour throughout the entire temperature regime investigated.  Such a resistivity behaviour 
has been reported for some other Heusler alloys as well. For example, Nishino et al. have studied 
the transport properties of Fe2Val31 and Quardi et al. have recently reported the spin gapless 
behaviour of Mn2CoAl by resistivity and Hall effect measurements.32 Mn2CoAl shows high 
value of resistivity, low charge carrier concentration and low Seebeck coefficient, which 
demonstrates the stability of electronic structure and insensitivity to the disorder.  
The anomalous resistivity behavior of x=0.4 alloy can be explained by taking into 
account the Mooij criterion. According to Mooij criterion33, high value of electrical resistivity in 
metallic conductors generally tends to reduce the temperature coefficient of resistivity, finally 
making it negative above a critical value of resistivity. It has been reported by Isino and Muto34 
that this type of resistivity behavior is independent of the electronic structure.  
 
Among the alloys of the present series, Fe1.6Co0.4MnSi is found to have a high Curie 
temperature and high value of saturation magnetization, along with a negative temperature 
coefficient of resistivity. Moreover, this alloy is fully ordered as verified by Mössbauer 
spectroscopy (data is fitted by single sextet) and therefore, the linear behavior cannot be 
attributed to the disorder. Such a behavior of resistivity is also reported for Mn2CoAl32 and 
NiMnSb35. It may be noted that the resistivity values of Mn2CoAl and PtMnSn  are ≈ 400 µΩ-m 
and ≈ 0.5 µΩ-m, respectively. Hence the alloy with x = 0.4 shows some interesting transport 
properties.     
According to Mattheissen’s rule36, the total resistivity of a ferromagnetic material is the 
sum of the residual resistivity, the phonon contribution (ρph) and the magnon contribution (ρmag). 
The resistivity data of x=0.05 and 0.1 alloys show that the electron-phonon interaction dominates 
in the high temperature region, which indicates the presence of band gap between the spin up and 
spin down states at the Fermi level (electron-magnon interactions are very small compared to 
electron-phonon interactions). In the low temperature region, x = 0.1 shows a clear absence of T2 
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dependence, indicating a sign of half metallicity. Indirect evidence of half metallicity based on 
the absence of T2 term has been reported in some other Heusler alloys.5,9It is found that the value 
of the residual resistivity in zero field is lower than that with field for x = 0.05. But such a 
difference does not exist for the x ≥ 0.2. This may be due to the complex magnetic phase below 
TR, due to which the antiferromagnetic spin fluctuations are induced by the applied field in the 
case of x=0.05.  
   The magnetoresistance, defined as the percentage change in the resistivity37 has been 
calculated and the field dependence of MR for the compounds with x = 0.05 and 0.2 is shown in 
Fig.8. In the case of x = 0 (Ref. 9), the MR is found to be nominally negative in the regime TR < 
T <TC, while it is very small and almost field independent in the paramagnetic region. Below TR, 
the MR is nominally positive. This must be due to the spin fluctuations induced by the field on 
the canted spin structure that causes an increase in the resistivity. Also the MR curves show a 
strong field induced irreversibility in the antiferromagnetic region (at 5 K). These trends are 
almost retained in x=0.05 as well, as can be seen from the figure. The zero field value at the 
beginning of the first field increasing path (path 1) is quite different from the same as the field is 
cycled in the decreasing path (path 2), indicating the field-induced irreversibility. Interestingly, 
for x = 0.2, there is no such field induced irreversibility, which did not show the re-entrant phase. 
This clearly shows that canted moments of Mn align ferromagnetically during path 1 and with 
the removal of field (path 2), the spins do not come to their original canted structure. It may also 
be noted that the compound with x = 0.05 shows the maximum negative MR of about 3.5%, and 
for x = 0.2, it is about 2.5% near the Curie temperature; observed MR values are in close 
agreement with those predicted for Fe3-xMnxSi alloys.9 
Presence of field-induced irreversibility of MR at 5 K (antiferromagnetic region) may be 
due to the two competing magnetic phases (ferromagnetic component along with the 
antiferromagnetic phase) and the development of a non-cubic phase26, 38. The irreversibility seen 
in this case is similar to that seen in Nd5Ge339. It is found that the presence of this irreversibility 
is closely related to the occurrence of reentrant antiferromagnetic phase. The canted spin 
structure of Fe2MnSi may be responsible for this kind of scenario. 10,40-44 Therefore, one can see 
a direct correlation between the structural, magnetic and transport properties in this system. 
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FIG. 8. Magneto-resistance curves of Fe2-xCoxMnSi (x = 0.05, 0.1) alloys. 
 
IV. Conclusions 
Pseudo quaternary Fe2-xCoxMnSi with various x values have been studied in detail by 
structural, magnetic, transport and spin polarization measurements. A highly ordered L21 phase 
is observed for x = 0.4 from the x-ray diffraction and Mössbauer data. Substitution of Co in place 
of Fe in Fe2MnSi suppresses the antiferromagnetic phase and stabilizes the ferromagnetic state as 
evident from magnetization and resistivity data. High value of spin polarization of 0.66±.1 is 
estimated for x = 0.4. Resistivity measurements give indirect evidence of half metallicity in the 
alloy with x=0.1. Considering the high values of spin polarization and TC, composition with x = 
0.4 appears quite promising for applications.  
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